We sought to determine whether 'H NMR images without chemical-shift selection can adequately characterize the components of human atheromatous arteries. NMR, as a nondestructive, biochemical imaging tool, has the potential to identify lipids in atherosclerotic plaques but has not yet produced detailed images of atheroma components. Using 'H NMR spectroscopy at 9.4 T, we examined microdissected components of diseased and normal arteries to determine water relaxation constants (Tl and T2) as well as the relative content of mobile lipid. Relaxation times were also measured at 1.5 and 4.7 T. Sections of arteries with atherosclerotic lesions of graded severity were imaged at 1.5 and 9.4 T. The contrastto-noise ratio (CNR) was used to assess lesion conspicuity. In the atheromatous core, the water NMR signal predominates over that of lipid (lipid-to-water ratio, 0.11). At 9.4 T, T2 is 20.2 ms for the atheromatous core, 30.1 ms for the collagenous cap, and 29.5 ms for normal media. This results in a high CNR on Heretofore, characterization of the atheroma by 'H NMR imaging has predominantly focused on acquisition T2-weighted (T2w) images for atheromatous core compared with the collagenous cap and normal media. A similar contrast was measured at lower field strength. Calcifications do not generate appreciable signal due to their low water content but can be detected on Tl-weighted (Tlw) images. The water T2 contrast allows discrimination of the atheromatous lipid core from collagenous regions. The combination of Tlw and T2w sequences permits in vitro identification of the atheromatous core, collagenous cap, calcifications, media, adventitia, and perivascular fat. The discrimination of collagen fibers that overlie lipid deposits permits study of plaque protection and stability at all field strengths and may provide the basis for in vivo microscopy of human atherosclerosis. (Arterioscler Thromb Vase Biol. 1995;15:1533-1542 
C linical assessment of human atherosclerosis progression predominantly depends on stenosis evaluation by conventional angiography 1 or surface B-mode ultrasound. 2 Angiographic studies, however, have demonstrated that luminal morphometry is unable to predict the evolution of a plaque. 3 Intravascular ultrasound and angioscopy are relatively recent advances that improve the observation of arterial walls. 45 Angioscopy, however, views only the lesion surface, which is not representative of the internal heterogeneity of the plaque, and intravascular ultrasound generates contrast from the physical interface between different components and may not be an adequate discriminator of chemical composition.
NMR, as a noninvasive, biochemical imaging tool, is capable of discriminating plaque components on the basis of chemical composition, molecular motion, diffusion, physical state, or water content. These differences may be especially important in determining the contributing factors to the events related to plaque rupture, such as the distribution of circumferential stress, 6 -8 plaque vulnerability, 9 or thrombogenicity, 10 which depend strongly on two of the biochemical constituents of the plaque: collagenous fibers and lipids. of the lipid signal, acquired either with a Tlw sequence using a nonselective, lipid-selective, or modified Dixon pulse 1115 or a pattern-recognition technique using multiple sequences. 16 These studies were performed at low field (0.25 to 1.5 T) and were designed to image plaque lipids with long T2 and short T l TRs, 17 similar to those of triglycerides. 11 However, cholesterol and cholesteryl esters, the predominant lipids in atherosclerotic plaques, have NMR relaxation constants different from those of triglycerides 18 -20 and thus make standard lipid-imaging techniques more problematic. More recent studies have addressed this question by selectively viewing the short-T2 lipids in atherosclerotic plaques. 21 -22 In this article, we report on a 'H NMR imaging study of human atherosclerosis that demonstrates the discrimination of wall components in normal and atheromatous arteries. The regions identified include the media, adventitia, perivascular fat, lipid-rich core, collagenous cap, and calcifications. Differentiation of these regions is accomplished without lipid-selective imaging sequences. The results prove that two of the major atherosclerotic plaque components (ie, lipid-rich core and collagenous cap) can be distinguished in a single T2w sequence with a high CNR.
M e t h o d s
Segments of human aortic, iliac, carotid, and coronary arteries were sampled at autopsy, dissected, and frozen at -60°C. It has been shown that the Tl and T2 of atheromatous plaques remain unchanged for 6 days when the samples are placed in sealed tubes, kept at 4°C, and then rewarmed to 37°C. 17 Our preliminary data revealed similar results after storage at 4°C or -60°C. Each sample was rewarmed to 37°C for 20 minutes before NMR examination. Previous studies have CNR = CSI = NMR = SNR = Tlw = T2w = TE(s) = TI(s) = TR(s) = Selected Abbreviations and Acronyms contrast-to-noise ratio chemical-shift selective nuclear magnetic resonance signal-to-noise ratio T|-weighted T 2 -weighted echo time(s) inversion time(s) repetition time(s) shown a full reversibility in the temperature-dependent changes of the NMR spectrum of atheromatous plaque between 17°C and 47°C. 18
Preparation
We microdissected eight fibrofatty atherosclerotic plaques acquired at autopsy. The eight lipid cores (usually described as "gruel") were pooled and sealed in NMR tubes. We also pooled the collagenous cap, medial, adventitial, and perivascular fat components in separate tubes. Spectroscopic studies were then performed on these five isolated components without addition of a bath solution or fixative. Determination of relaxation constants was repeated using pooled samples from eight other plaques. The reproducibility of spectroscopic measurements after sample storage for 1 week at -60°C was examined for each of these two sets of pooled specimens. After being rewarmed at 37°C, the arterial segments were imaged without fixation in NMR tubes filled with saline to prevent tissue dehydration. 23 
NMR Experiments
All experiments were performed at 37°C on unfixed specimens. We used a 9.4-T system (Bruker MSL 400, Billerica, operated with an Aspect 3000 system) equipped with a 20-mmdiameter probe and shielded imaging gradients, a 4.7-T system (Omega CSI, General Electric Corp), and a 1.5-T system (Signa, General Electric Corp) with a 3-in. receiver surface coil.
Spectroscopy
At 9.4 T, Tl was obtained from an inversion-recovery sequence with increasing TIs (Tl, 10 /us to 10 seconds) and a TR of 20 seconds. T2 was obtained from a Hahn spin-echo sequence with incremented TEs (TE, 10 /xs to 1 second) and a TR of 20 seconds. Twenty points were used for each sequence. Tl data were fit to a monoexponential curve, and T2 data were fit to a biexponential curve. Spectral width was 10 kHz. T2 was measured on the same pooled sets of specimens at 4.7 and 1.5 T using a spin-echo sequence with 10 incremented TEs (12 to 190 ms) and a TR of 6 seconds.
Imaging
We imaged normal and atherosclerotic arteries of graded severity to test the capability of the T2 contrast to discriminate the various layers of normal and atherosclerotic vessel. At 9.4 T we used a spin-echo sequence with a nonselective pulse (matrix, 128x128 pixels; slice thickness, 600 /xm; and resolution, 156x156 (im). Two images were acquired for each artery: a Tlw image (TR, 700 ms; TE, 3 ms), and a T2w image (TR, 2 seconds; TE, 50 ms). The TE for the T2w image was chosen to strongly influence the signal from the short-T2 species, on the basis of the results obtained from spectroscopic measurements. It is important to consider that T2 is much lower at 9.4 T than at lower field.
To detect the signal that arises from lipids in the atheromatous core, we used a CSI lipid technique with a gaussian 180° pulse centered on the fatty acid methine resonance frequency at 1.4 ppm.
After the tissues were correctly identified by comparing the NMR images with the histological slides, CNRs were calculated from two regions of each wall component: atheromatous core versus collagenous cap, atheromatous core versus normal media, and adventitia versus normal media. The CNR is the difference in signal intensity between the two regions divided by the SD of the noise.
Histology
The arteries were cut at a central level corresponding to the imaging plane in the magnet and serially sectioned every 200 /Am. We stained the two adjacent slices. For preparation prior to trichrome staining of the first slice, the samples were fixed in 10% (vol/vol) formalin for at least 6 hours, decalcified for 4 hours with alcoholic HC1 (10%, vol/vol) and EDTA (0.07%, vol/vol), rinsed in water, and embedded in paraffin. For actual staining with Masson's derived trichrome, the following steps were taken: (1) deparaffinization; (2) rehydration; (3) saturation in aqueous picric acid for 30 minutes; (4) rinsing in water; (5) We used Sudan black to stain the second slice. The stain was prepared by dissolving 0.7 g Sudan black B in 100 mL of absolute propylene glycol and heating the mixture at 100°C to 105°C. After they were frozen at -20°C, the samples were rewarmed and fixed in 10% (vol/vol) formalin for 10 minutes, dehydrated in absolute propylene glycol for 5 minutes, stained in Sudan black B for 10 minutes, transferred in 85% (vol/vol) propylene glycol for 2 minutes, rinsed in water, counterstained in nuclear fast red (5% [vol/vol] aqueous) for 2 minutes, rinsed in water, and mounted in aqueous mounting medium.
Results

Spectroscopy
The 'H spectrum of the atheromatous core is shown in Fig 1A and is compared with the spectrum for periadventitial fat in Fig IB. In the atheromatous core, the signal is dominated by the water peak (at 0 ppm, with the lipid peak at -3 . 2 ppm with respect to water) with a lipid-to-water ratio of 0.11, whereas the lipid-to-water ratio is 1.7 in perivascular fat. In the media, collagen, and adventitia this ratio is less than 0.005, 0.022, and 0.016, respectively ( Fig 1C through IE) .
The mean relaxation times for the atheromatous core, collagenous cap, media, adventitia, and perivascular fat, determined for two sets of samples, each composed of material from eight plaques and arteries, are shown in Table 1 . The water signal, from the atheromatous core has a T l of 1114±56 ms and a T2 of 20.2±2.8 ms (mean±SD; with a monoexponential decay). In contrast, collagenous caps have a T l of 1834 ±132 ms and a T2 of 30.1 ±1.6 ms. The media has a T l of 1892±27 ms and a T2 of 29.5 ±2.5 ms, wherease the adventitia has a T l of 1485 ms and a T2 of 24.7 ms. Relaxation measurements repeated with the same experimental parameters on the two pooled sets of samples after 1 week resulted in a similar value for T2 of 19.8 ±1.3 ms. Table 2 shows the field dependence of the mean water transverse relaxation for the two major components of atheroma and normal media. The difference in relaxation times of collagenous regions (cap and media) and a lipid-rich region (atheromatous core) persists at lower field.
NMR Artery Imaging and Correlation With Histology
The NMR image of a normal carotid artery from a 22-year-old patient is shown in Fig 2, along with the corresponding histology. The Tlw image displays the general morphology of the vessel but does not discriminate media from adventitia. These layers, however, are well defined on the T2w image due to the shorter T2 of the adventitia. The CNR between media and adventitia is 0.036 on the Tlw image and 12.8 on the T2w image. Normal intima cannot be defined at the present resolution (pixel size of 156x156 /xm).
Two opposing fibrofatry aortic plaques are illustrated in Fig 3. The Tlw image reveals the vessel and lumen but poorly distinguishes the pathological wall layers. Conversely on the T2w image, the collagenous cap, which has a longer T2 than the lipid atheromatous core, appears as a region of high intensity on the luminal side of the plaque, covering the lipid core in black ( Fig 3A) . The presence of atheromatous lipids is demonstrated by the Sudan black staining ( Fig 3C) . On the Tlw image, the CNR between the atheromatous core and collagenous cap is 3.03, whereas it is 22.2 in the plaque on the right and 17.3 in the one on the left (T2w image). This series of images demonstrates the ability of NMR to characterize different types of plaque, depending on the presence of a complete or incomplete collagenous cap, and allows accurate measurement of collagenous cap thickness and plaque volume. The plaque on the right Percentages indicate the relative contribution of each subspecies when relaxation is biexponential.
'Data are expressed as mean+SD of two measurements of two pooled sets of components dissected from 16 plaques.
tMeasurements were obtained from a pooled set of components dissected from eight arteries.
has a total volume of 9.01 mm 3 (slice thickness, 600 /i,m), with an atheromatous core volume of 2.27 mm 3 and a cap volume of 6.74 mm 3 (25% and 75%, respectively, of the total plaque volume). The cap is never thinner than 1015 jam and can be described as complete. The plaque on the left has a total volume of 9.52 mm 3 , with a cap volume of 5.49 mm 3 (58% of total plaque volume). This cap is 1880 ju,m thick in its upper portion but is incomplete, as the lipid-rich region is adjacent to the luminal surface in the lower portion of the plaque.
The better description of plaque that can be obtained by use of a nonselective sequence instead of lipid CSI imaging is illustrated in Fig 4. Sudan black staining reveals concentric lipid infiltration, with a greater thickness on the upper right side of the vessel that corresponds to four intercalated layers of lipid and collagen. The low intensity of the atheromatous lipid peak in Fig  1 accounts for the poor SNR of atheroma (SNR, 1.35) in the lipid CSI image compared with that of perivascular fat (SNR, 11.7) and cannot discriminate these intercalated layers. Conversely, the T2w image improves visualization of thjs lesion: the CNR between layers of lipid deposits and fibrous regions (Fig 4a) is 8.6. The better discrimination of pathological layers by use of a nonselective sequence is illustrated in the upper right portion of the lesion (Fig 4a) compared with the Sudan blackstained histology section (Fig 4b) .
This methodology can also be applied to in vitro imaging of coronary artery walls ( Fig 5) . The lesion shown in this image is calcined: areas of calcification have a CNR of 40.2 on the Tlw image due to a low water content and are not found in any other circumstance. 1116 A lipid-rich region appears in the upper part of the calcification, as revealed in the T2w image.
The T2 contrast between the different components of an aortic fibrofatty plaque at 1.5 T is demonstrated in Fig 6. Here we tested the hypothesis that similar contrast can be achieved at field levels that are commonly used clinically in a conventional double-echo sequence, in which TR corresponds to the duration of a normal cardiac cycle (ie, at a heart rate of 65 beats/min): TR of 900 ms. TE was set at 16 ms (the minimum for a field of view of 90 mm) and 90 ms based on our results of T2 measurements at lower field. In the 90-ms TE image, the CNR between the atheromatous core and collagenous cap is 32.6 and is 40.5 between the atheromatous core and media (5.05 higher than in the short-TE sequence).
Discussion
In this investigation we have discriminated atherosclerotic plaque components in vitro by using high-field/ high-resolution 'H NMR imaging without frequencyselective sequences. Our spectral measurements show a lipid-to-water ratio of 0.11 within the atheromatous core. The water content of the arterial wall ranges from 50% to 80%, and the atheromatous core usually contains 30% to 65% lipid (dry weight). 19 The total lipid'component therefore amounts to 6% to 32% of the total weight, a value range that is in reasonable agreement with our measurements. These results demonstrate that the major contributor to the NMR signal during spectroscopic examination of the atheromatous core is not lipid but water. It is therefore important to consider that any CSI technique based on lipid-frequency selection and aimed at imaging the lipid core of atherosclerotic plaque will face the inherent problem of a 1/10 lower SNR than do techniques based on water 3 H imaging. We have also demonstrated that the atheromatous core, composed mostly of cholesterol and cholesteryl esters in the solid (crystal) or smectic (liquid-crystalline) state, 182024 is associated with a shortened water T2 when compared with the collagenous cap and normal media; consequently, bright areas on T2w images of arterial walls in non-frequency selective sequences do not correspond to lipid-rich regions but to those predominantly composed of fibers (ie, collagen, elastin, and proteoglycan) in either the media or collagenous cap. 25 " 27 In this study we have confirmed the results of Maynor et al, 28 who obtained a lipid-to-water ratio of 1:9 in fibrous plaques with a water T2 of 23.6 ms and a lipid T2 of 17.3 ms at 7 T. These investigators focused on the lipid regions as those of greatest histopathologic interest. In this study we have shown that lipid localization is possible via changes in water T2 and have identified collagen-rich layers in the same sequence. The importance of identifying these two components rests on their roles in those processes that lead to plaque rupture due to cap thinning and abnormal repartition of circumferential stress 6829 and result in acute ischemic syndromes, like myocardial infarction or stroke. 9 It is therefore important to discriminate plaque with a thin or incomplete cap, which may be more prone to rupture.
Using methods that suppress the water signal, incorporate water and lipid signals in a multiparameter data set, or use CSI imaging with long T2 suppression, several investigators have examined the lipid component of plaque. 1321 ' 22 Pearlman et al 21 presented 'H spectra of atherosclerotic plaques at high field (6.3,8.5, and 11.7 T) but did not evaluate water T2. Lipid T2 was measured from resonance line widths rather than from Hahn spinecho or CPMG studies, 30 -31 which produced a contribution from field inhomogeneity. Despite differences in method, the T2 presented here for the lipid peak of the atheromatous core is in general agreement with published data.
We have also confirmed that the T2 of atheromatous core lipids is shorter than that of periadventitial lipid (see Table 1 ), which is composed mostly of adipocyte triglycerides in a liquid state. 2122 The short-T2 component (T2,1.78 ms) corresponds to 14% of the NMR lipid signal visible and represents a more ordered state, which is likely to be the crystalline or liquid-crystalline phase. 24 The remainder of the visible lipid (86%) has a T2 of 22.4 ms, which corresponds to a less ordered state, such as liquid. The ordered component likely results from core lipids with a low triglyceride content and a high concentration of cholesteryl esters and free cholesterol (the latter either in the monohydrate crystal form or complexed with phospholipids). 1924 ' 32 -34 Two groups have recently addressed the issue of short-T2 lipids and have developed methods to improve in vitro imaging of the lipid component in atheromatous plaque. Altbach et al 35 examined an aortic plaque by using a stimulated-echo diffusion-weighted sequence and were able to improve water signal suppression and lipid visualization. This technique, however, faces the problems of a low SNR and long acquisition times (2.5 hours for 64 averages), which are not limiting factors in the water-imaging sequences in the present study.
Gold et al 22 implemented a back-projection technique with long-T2 lipid suppression to image the short-T2 lipid component. Although these investigators did not calculate T2 for the different components, their sequence can detect species with a T2 between 150 (LIS and 9 ms. Our data were obtained with a spectral width of 10 kHz and may therefore be insensitive to peaks with a line width larger than 5 kHz (ie, a T2 shorter than 64 ju,s). The delay before data acquisition is 75 ju,s (for a total of 139 ixs) and represents the minimal T2 peak sensitivity of the present spectroscopic study. This T2 is somewhat less than that detectable with the back-projection tech-
nique cited above. Furthermore, as mentioned by Gold et al, development of this technique for in vivo studies will be hampered by a low SNR and the great increase in acquisition time necessitated by electrocardiographic gating. These limitations do not apply to water imaging: we have show that at 1.5 T, a CNR of 40.5 can be produced for atheromatous core versus normal media in a total acquisition time of 5 minutes and 50 seconds. Several factors may contribute to the shortening of water T2 in the atheromatous core. These include (1) susceptibility differences from the micellar structure of parietal lipoproteins 36 -37 ; (2) the more numerous or more exposed hydrophilic sites resulting from lipoprotein oxidation 38 ; (3) longer contact time between the hydrophilic sites of cholesteryl esters and water molecules, either from C = 0 on the fatty acid chain (which may also explain the contrast between adventitia and media; see Fig 2) or from OH on CIO and C18 of the cholesterol ring, with further interchange between bound water layers and free water, as has been demonstrated in myelin cholesterol. 39 We have used Tlw images to identify calcifications. Calcified regions appear as low-intensity zones in all NMR sequences due to their low water content." 1622 The CNR for calcified regions versus other components is higher on Tlw than on T2w images (see Fig 6) . Calcifications play an important role in plaque aging and arterial dysfunction, 40 and their identification may add to our understanding of thrombosis associated with low vasoreactivity. 41 This study was performed on excised samples. The results are applicable to in vitro studies of plaque stability or the effects of intravascular devices. 42 Suitability for clinical application has yet to be demonstrated and depends on obtaining similar relaxation properties in vivo, 43 with high resolution, high SNR, small field of view, and motion compensation in clinically available NMR systems. 44 These problems may be addressed with ? Downloaded from http://ahajournals.org by on February 14, 2020 localized gradients, 45 specialized receiver coils, 46 high magnetic field strength, 47 and improvement of in vivo NMR microscopy. 48
Conclusions
Water T2 is shorter in the lipid-rich core of atherosclerotic plaques than in the collagenous cap or normal media. This difference enables generation of high contrast in T2w images and provides a unique method for discriminating collagenous from lipid-rich plaque regions. Tlw images are useful for identifying calcifications.
'H NMR imaging based on water transverse relaxation differences allows the nondestructive identification of the major atherosclerotic components and should improve our understanding of atherosclerotic plaque evolution and instability.
